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Abstract
Phycobilisomes (PBS) function as light-harvesting antenna complexes in cyanobacteria, red algae and cyanelles. They are
composed of two substructures: the core and peripheral rods. Interposon mutagenesis of the cpcBA genes of Synechococcus
sp. PCC 7002 resulted in a strain (PR6008) lacking phycocyanin and thus the ability to form peripheral rods. Difference
absorption spectroscopy of whole cells showed that intact PBS cores were assembled in vivo in the cpcBA mutant strain
PR6008. Fluorescence induction measurements demonstrated that the PBS cores are able to deliver absorbed light energy to
photosystem (PS) II, and fluorescence induction transients in the presence of DCMU showed that PR6008 cells could
perform a state 2 to state 1 transition with similar kinetics to that of the wild-type cells. Thus, PBS core assembly, light-
harvesting functions and energy transfer to PS I were not dependent upon the assembly of the peripheral rods. The ratio of
PS II:PS I in the PR6008 cells was significantly increased, nearly twice that of the wild-type cells, possibly a result of long-
term adaptation to compensate for the reduced antenna size of PS II. However, the ratio of PBS cores:chlorophyll remained
unchanged. This result indicates that approximately half of the PS II reaction centers in the PR6008 cells had no closely
associated PBS cores. ß 2001 Published by Elsevier Science B.V.
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1. Introduction
Phycobilisomes (PBS) are supramolecular com-
plexes composed of phycobiliproteins and colorless
linker proteins [1^5]. These water-soluble, light-har-
vesting assemblies are located on the stromal surfaces
of thylakoid membranes in cyanobacteria, red algal
chloroplasts and cyanelles. The most common mor-
phological form of PBS is described as ‘hemidiscoi-
dal’. Hemidiscoidal PBS are composed of two sub-
structural elements: the core and the peripheral rods.
The core contains several cylindrical protein assem-
blies that are mainly composed of allophycocyanin
and related proteins. The peripheral rods radiate
from the surfaces of the core assembly and are com-
posed of stacks of phycobiliprotein hexamers formed
of phycocyanin and when synthesized, phycoerythrin
or phycoerythrocyanin.
In cyanobacteria, PBS are typically associated with
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photosystem (PS) II and deliver most light energy
absorbed by phycobiliproteins to PS II reaction cen-
ters under normal growth conditions [6,7]. However,
light energy absorbed by PBS can also be delivered
to PS I when the light conditions are unbalanced and
PS I is insu⁄ciently excited by light [8]. The process
of distributing light energy to the two photosystems
to produce a balanced and optimal rate of electron
transfer is called the ‘state transition’ [9,10]. The state
transition is a mechanism of short-term adaptation
to unbalanced light conditions, and the redistribution
of light energy by this process usually occurs on a
time scale of several seconds to minutes. If the un-
balanced light conditions persist for longer periods of
time, long-term adaptation usually occurs. During
long-term adaptation, the stoichiometry of the two
photosystems is altered so that the most e⁄cient
photosynthetic electron transport is achieved by the
two photosystems acting together [11].
In Synechococcus sp. strain PCC 7002, a unicellu-
lar marine cyanobacterium, the genes encoding all of
the polypeptide components of the PBS have been
cloned, sequenced and analyzed [3]. The peripheral
rods of the PBS of this cyanobacterium are com-
posed of the phycobiliprotein phycocyanin, consist-
ing of K and L subunits, and three linker proteins
denoted CpcC, CpcD, and CpcG. The K (CpcA)
and L (CpcB) subunits of phycocyanin are encoded
by the cpcBACDEF operon in Synechococcus sp.
strain PCC 7002 [12,13]. When the cpcBA genes
were deleted by interposon mutagenesis, the cells
could not produce peripheral rods, and the doubling
time of the mutant was found to be approx. 2^3-fold
longer than that of wild-type cells [13,14]. Another
role for the peripheral rods is to provide a binding
site for ferredoxin:NADP oxidoreductase (FNR),
which could be localized at the ends of some PBS
peripheral rods through the interaction of a CpcD-
like domain found at the N-terminus of FNR [15],
although recent evidence suggests that FNR could be
located at or near the core [16]. Additional role(s) of
the peripheral rods in PBS core assembly and energy
transfer remain to be elucidated. In this communica-
tion, we report the results of studies concerning state
transitions and long-term adaptation of the photo-
synthetic apparatus in a mutant unable to synthesize
phycocyanin and thus unable to assemble peripheral
rods.
2. Materials and methods
2.1. Strains and chemicals
The wild-type (PR6000) and the cpcBA mutant
(PR6008) strains of Synechococcus sp. PCC 7002
were grown in medium A supplemented with 1 mg
of NaNO3 ml31 [17]. The growth temperature was
38‡C, and the light intensity was approx. 200 Wmol
m32 s31 provided from cool-white £uorescent lights.
All chemicals were purchased from Sigma (St. Louis,
MO) unless otherwise noted. Cell densities were de-
termined by measuring the optical density at 730 nm.
An OD730 = 1.0 is approximately equal to 2.45 þ
0.12U108 cells ml31.
2.2. Oxygen evolution and £uorescence measurements
O2 evolution was measured with a Clark-type oxy-
gen electrode at 37‡C. Sodium bicarbonate at a ¢nal
concentration of 5 mM was added for measuring the
rate of whole chain electron transport. Light was
provided with a 250 W tungsten light source. Light
primarily absorbed by phycobiliproteins was ob-
tained with a 630 nm interference ¢lter (bandwidth:
10 nm). Light primarily absorbed by chlorophyll
(Chl) was obtained with a 680 nm interference ¢lter
(bandwidth: 10 nm). Light intensities were measured
as described by Zhao and Brand [18].
Fluorescence induction transients in the millisec-
ond time range were measured as described previ-
ously [18]. The actinic light for these £uorescence
induction experiments was provided with a 300 W
tungsten light source and was passed through a
heat ¢lter, a long wavelength pass ¢lter cut-on at
500 nm and a short wavelength pass ¢lter cut-o¡ at
600 nm. The photomultiplier was protected with a
680 nm (bandwidth: 10 nm) interference ¢lter. The
cells were dark adapted for more than 5 min at room
temperature before measurements. The state 2 to
state 1 transition was measured by recording the
£uorescence induction transients in the time scale
of seconds in the presence of the electron transport
inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethyl urea
(DCMU) as described by Schluchter et al. [19]. The
cells were dark adapted for more than 15 min (state 2
conditions) before turning on the actinic light.
Fluorescence emission spectra at 77 K were ob-
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tained as described by Schluchter et al. [19]. The
excitation wavelength was either 440 nm, primarily
absorbed by Chl, or 590 nm, primarily absorbed by
the phycobiliproteins. Cells were adjusted to a con-
centration of 1 OD730 per ml. The cells were dark
adapted as described above to produce state 2 con-
ditions or illuminated with blue light at 100 Wmol
m32 s31 in the presence of DCMU to produce state
1 conditions prior to freezing in liquid nitrogen.
2.3. Other methods
Heat bleaching [20] of Synechococcus sp. strain
PCC 7002 phycobiliproteins was performed by incu-
bating cell cultures at Chl concentrations of 2^5 Wg
ml31 in a water bath at 65‡C for 5 min. Di¡erence
absorption spectra of untreated whole cells and the
heat-bleached cells were measured by the scattering
plate scanning method [20,21]. The concentration of
allophycocyanin in whole cells was calculated from
the di¡erence absorption spectra as described [22,23].
The concentration of PBS cores was estimated by
dividing the concentration of allophycocyanin by
36 [24]. The Chl concentrations were determined as
described [25]. The isolation of thylakoid membranes
from Synechococcus sp. strain PCC 7002 and the
determination of P700:Chl and PS II:Chl ratios
were performed as previously described [26]. The
cell density was measured with a Cary-14 spectro-
photometer.
3. Results
3.1. The assembly of intact phycobilisome core in the
cpcBA mutant strain PR6008
Both the cores and the peripheral rods of PBS are
believed to play important roles in light harvesting
[27]. Deletion of the cpcBA genes encoding phyco-
cyanin in Synechococcus sp. strain PCC 7002 resulted
in strain PR6008 lacking peripheral rods [14]. Even
though some evidence had suggested that the PBS
cores were properly assembled in vivo [14,28], intact
PBS cores have never been isolated from the PR6008
mutant cells. In order to understand the role(s) of the
peripheral rods of PBS in light harvesting and other
physiological processes, it was considered important
to establish whether the PBS cores were indeed intact
in vivo in this mutant. The heat-bleaching method
which speci¢cally bleaches phycobiliprotein absorp-
tion [20] was applied to determine the in vivo absorp-
tion properties of allophycocyanin in the mutant
cells. Di¡erence spectra between untreated cells and
heat-bleached cells were determined and are shown
in Fig. 1. The di¡erence spectrum for the wild-type
cells should provide the absorption spectrum of PBS
in vivo [20], and this di¡erence spectrum closely re-
sembles the published absorption spectrum of iso-
lated PBS [14]. The di¡erence spectrum for the
PR6008 strain has a rather sharp absorbance maxi-
mum at 655 nm with a shoulder at approx. 600 nm.
This spectrum does not resemble the absorption
spectrum of trimeric allophycocyanin, which has an
absorbance maximum at 650 nm and a shoulder at
about 620 nm [4]. Moreover, this in vivo spectrum of
Fig. 1. Absorption di¡erence spectra between the untreated cells
and heat-bleached cells of Synechococcus sp. strain PCC 7002
wild type and mutant strain PR6808. A cell suspension with a
Chl concentration of 5 Wg ml31 was divided into two parts,
and one part was treated at 65‡C for 5 min to bleach the phy-
cobiliprotein absorption. The absorption spectrum of the
treated cell suspension was measured, and this spectrum was
saved and used as a baseline in determining the absorption dif-
ference spectrum for the untreated cells. 999, the di¡erence
spectrum obtained for wild-type cells ; the absorption maximum
occurred at 632 nm, and a shoulder was detectable at 655 nm.
A relatively small change was detected at 680 nm due to
changes in Chl absorption. Under the experiment conditions,
less than 5% of chlorophyll absorption is bleached by this
method. - - -, the di¡erence spectrum for PR6008 cells ; the ab-
sorption maximum occurred at 655 nm, and a shoulder was de-
tected at about 600 nm.
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the biliproteins in strain PR6008 is nearly identical to
the calculated spectrum for the PBS cores of this
organism that was generated by subtracting the spec-
trum of puri¢ed peripheral rod complexes from the
spectrum of isolated PBS [14]. Additional evidence
that the PBS cores are properly assembled is that
strain PR6008 cells do not exhibit a high £uorescence
phenotype and have only a relatively small £uores-
cence emission at about 663 nm (see Fig. 6 below).
Thus, we conclude that the PBS cores are properly
assembled in vivo in strain PR6008 in the absence of
phycocyanin.
3.2. Characterization of the PR6008 cells of
Synechococcus sp. PCC 7002
The observation that the doubling time of strain
PR6008 was 2^3 times longer than that of the wild-
type strain even at relatively high light intensities [14]
suggested that light harvesting is less e⁄cient in the
cpcBA mutant cells. To characterize photosynthetic
light harvesting in these cells, the light dependence of
the rate of O2 evolution was measured, and the re-
sults are shown in Fig. 2. Under weak illumination
with light (630 nm, þ 5 nm) primarily absorbed by
phycobiliproteins, the O2 evolution rates of both the
wild-type and the PR6008 cells showed a hyperbolic
relationship with respect to light intensity (Fig. 2A).
However, the O2 evolution rate of the PR6008 cells
approached saturation more slowly than did the rate
for wild-type cells.
Because 630 nm light is predominantly absorbed
by phycobiliproteins and is preferentially delivered to
PS II [6,29], the electron transfer rate at PS I is likely
to be the rate-limiting step under weak illumination
conditions at this wavelength. Analysis of the light
intensity dependence of O2 evolution rates could thus
reveal information concerning the e⁄ciency of light
energy transfer from PBS to PS I. A Lineweaver-
Burk or double reciprocal plot of the data presented
in Fig. 2A is shown in Fig. 2B. The apparent ‘Km’
values of the PR6008 cells and the wild-type cells for
630 nm light absorbed by phycobiliproteins were 33
Wmol m32 s31 and 10.5 Wmol m32 s31, respectively.
In enzymology Km is the substrate concentration re-
quired to produce the half-maximal velocity for an
enzyme-catalyzed reaction, and under certain condi-
tions represents the a⁄nity of an enzyme for a sub-
strate. In the present case, the ‘Km values’ should
re£ect the ability of the PBS or PBS cores to deliver
light energy to PS I. These results suggest that PS I
reaction centers of the PR6008 cells receive about
3 times less light energy absorbed by phycobilipro-
teins than PS I in wild-type cells.
When cells were illuminated with weak light (680
nm, þ 5 nm) primarily absorbed by Chl, the O2 evo-
lution rate of the PR6008 strain exhibited a di¡erent
light intensity dependence than that of the wild-type
strain (Fig. 3). The rate of O2 evolution of the
PR6008 cells had an almost linear relationship as a
function of light intensity while the wild-type cells
Fig. 2. Light dependence of the rate of O2 evolution for wild-
type cells and PR6008 cells with 630 nm illumination (A), and
a Lineweaver-Burk plot of the data presented in A (B). I is the
light intensity at 630 nm (in Wmol m32 s31) and A is the O2
evolution activity (Wmol O2 (mg Chl)31 h31). The Chl concen-
tration of the cells was at 5 Wg ml31 and the measurement tem-
perature was at 37‡C. The R values of both curve ¢ts in B
were greater than 0.99. The apparent Km values were deter-
mined by extrapolating the ¢tted lines to the X-axis. b, wild-
type cells ; F, PR6008 cells.
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showed a typical hyperbolic light saturation depen-
dence. Because light energy absorbed by Chl pre-
dominantly excites PS I in cyanobacteria under nor-
mal conditions since PS I contains more Chl [8,30],
under weak illumination with 680 nm light, electron
transfer at PS II is likely to be the rate-limiting pro-
cess for O2 evolution. The results shown in Fig. 3
indicate that the PR6008 cells can use light absorbed
by Chl much more e⁄ciently than the wild type for
photosynthetic electron transfer and O2 evolution.
One possible explanation for this more e⁄cient
utilization of light absorbed by Chl in the PR6008
cells is that there are more chlorophyll complexes
assembled in PR6008 cells. To investigate this possi-
bility, the stoichiometry of Chl, PS I, PS II, and PBS
or PBS cores was determined for both strains (Table
1). On a cell basis, the Chl content of strain PR6008
was more than 10% higher than that of the wild-type
cells. Based upon the absorption di¡erence spectra
shown in Fig. 1, the Chl:PBS ratio in the wild type
was 493:1 while the Chl:PBS core ratio was 463:1 in
the PR6008 strain. In the wild-type cells, the PS I:PS
II ratio was 1.86, while the PS I:PS II ratio of the
PR6008 cells was 1.0, a value normally observed only
when cells have been grown in light absorbed largely
by Chl [11,31]. The ratios of PS II:PBS in the wild-
type and PR6008 cells were determined to be 2.02
and 3.51, respectively. These results show that the
absence of phycocyanin (and thus of the peripheral
rods) in strain PR6008 resulted in an increase of PS
II centers while the number of PBS cores per Chl was
essentially unchanged. These results also indicate
that approximately one half of the PS II centers in
Table 1
Stoichiometry of PBS, PS I and PS II in Synechococcus sp.
PCC 7002 wild-type and cpcBA mutant strain PR6008 cells
Wild Type PR6008
Wg Chl:OD730 4.27 þ 0.32 4.76 þ 0.36
Chl:PBS 493 þ 21 463 þ 24
Chl:P700 128 þ 12 131 þ 8
Chl:PS II 238 þ 13 132 þ 12
PS I:PS II 1.86 1.00
PS II:PBS 2.07 3.51
Fv :Fo 0.28 þ 0.04 0.54 þ 0.06
The PBS or PBS core contents of the two strains were deter-
mined based on the di¡erence spectra shown in Fig. 1. The
concentrations of Chl, P700 and cytochrome b559 (PS II) were
determined as described in Section 2.
Fig. 3. O2 evolution of the wild-type cells (b) and the PR6008
cells (F) at a Chl concentration of 5 Wg ml31 was measured
with light at 680 nm at 37‡C. The other measurement condi-
tions were the same as described in the legend to Fig. 2.
Fig. 4. Room temperature £uorescence induction transients for
wild-type cells (A) and the PR6008 cells (B). The cell suspen-
sions in A medium at a cell density of 1.0 OD730nm ml31 were
dark adapted for 5 min at approx. 25‡C before opening a shut-
ter (opening time of approx. 1 ms) to provide actinic illumina-
tion (500^600 nm). The upper and lower traces in each panel
were obtained with cell suspensions in the presence and absence
of DCMU, respectively.
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the PR6008 strain do not have PBS cores associated
with them.
3.3. Room temperature £uorescence induction
Variable £uorescence has often been used as an
indicator of PS II activity in oxygenic photosynthesis
[32]. Room temperature £uorescence induction mea-
surements were performed with both the wild-type
and PR6008 cells to examine the kinetics of QA re-
duction on a relatively short (1 s) time scale, and the
results are shown in Fig. 4. The Fo level, which rep-
resents the £uorescence level after dark adaptation to
place QA in the oxidized state, of the wild-type cells
was higher than the Fo level of the PR6008 cells. This
result was expected because the absence of free phy-
cocyanin as well as the assembled phycocyanin of the
peripheral rods should reduce the background £uo-
rescence level. As a result, the Fv :Fo ratio (Fv repre-
sents the amount of variable £uorescence) of the
PR6008 cells was about 1.5 times greater than that
of the wild-type cells.
To study the e¡ect of the absence of phycocyanin
and peripheral rods on state transitions, room tem-
perature £uorescence induction transients in the pres-
ence of DCMU were measured (Fig. 5). Prior to
providing actinic illumination (500^600 nm), both
wild-type and PR6008 cells were ¢rst dark adapted,
a condition known to bring the cells to state 2 [33].
Almost immediately upon illumination the £uores-
cence reached a high level, which was the Fm level
for state 2 (Fm-S2). The £uorescence increased grad-
ually under continuous illumination and reached a
new maximum level in about 20 s. This was the Fm
level of state 1 (Fm-S1), because the light conditions
in combination with DCMU should bring the cells to
state 1. The transition from Fm-S2 to Fm-S1 re£ects
the physiological process of adaptation from state 2
to state 1 induced by light-1 illumination. It is evi-
dent that the Fm-S2 to Fm-S1 transition in the
PR6008 cells was kinetically similar to that of the
wild-type cells, although the amplitude change of
the £uorescence was only about half that of the
wild-type cells (compare Fig. 5A,B). This is expected
since less energy can be transferred to PS II during
the transition in the PR6008 cells because of the
decreased absorption cross-section of the PBS cores
in the mutant compared to the wild-type cells.
DBMIB, an electron transfer inhibitor of the cyto-
chrome b6f complex, completely inhibited the state 2
to state 1 transitions in both strains (Fig. 5A,B).
3.4. Fluorescence emission spectroscopy at 77 K
The state transitions of PR6008 were further ex-
amined by recording £uorescence emission spectra at
77 K of cells adapted to state 1 or state 2 (Fig. 6).
When wild-type cells were excited with 590 nm light
primarily absorbed by phycobiliproteins, the emis-
sion spectra for cells adapted to both state 2 and
state 1 had emission peaks at 663 nm, 684 nm and
694 nm and a peak or shoulder at 718 nm (Fig. 6A).
The peaks at 684 nm and 694 nm arise primarily
Fig. 5. Room temperature £uorescence induction transients in
the presence of DCMU for wild-type cells (A) and PR6008 cells
(B). The cell suspensions in A medium at a cell density of 1.0
OD730nm ml31 were dark adapted for 5 min at approx. 25‡C.
DCMU was added to the suspension at a concentration of 10
WM before the opening of the shutter to provide the actinic illu-
mination (500^600 nm). The upper and lower traces in each
panel were obtained with cell suspensions in the absence and
presence of 5 WM DBMIB, respectively.
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from PS II while the 718 nm peak arises from PS I.
The emission peaks from PS II were higher and emis-
sion from PS I was lower in cells adapted to state 1
conditions than in cells adapted to state 2 conditions
(Fig. 6A). These emission spectra show that, in wild-
type cells adapted to the two light state conditions,
light absorbed by phycobiliproteins was di¡erently
distributed to the two photosystems. In the PR6008
cells the emission spectra obtained with excitation at
590 nm were similar to those for the wild-type cells
(Fig. 6A) except that much lower emission at 650 nm
and 663 nm was observed. This result is expected in
the PR6008 cells because of the absence of phycocya-
nin. Another di¡erence between the emission spectra
of the two strains was that the £uorescence emission
at 718 nm was lower in the PR6008 cells than for the
wild-type cells when the two were compared at equiv-
alent cell densities. This observation suggests that PS
I in the PR6008 cells received less light energy from
the PBS cores when illuminated with 590 nm excita-
tion.
When excited with light primarily absorbed by Chl
(440 nm), the wild-type cells exhibited a £uorescence
emission spectrum with three major peaks at 684 nm,
694 nm and 718 nm (Fig. 6B). The emission spectra
obtained with the PR6008 cells excited with 440 nm
excitation showed three emission peaks at the same
positions. Although as shown in Fig. 6B the £uores-
cence emission amplitude from PS I at 718 nm was
comparable in both strains, the peaks arising from
PS II at 684 nm and 694 nm were much greater in
amplitude than the emission peak from PS I at 718
nm. This is consistent with the observation that the
PR6008 cells had nearly twice as much PS II as the
wild-type cells (see Table 1). In both the wild-type
and the PR6008 cells, state transitions could also be
observed when the cells were excited with 440 nm
light: under state 1 condition (illuminated with blue
light in the presence of DCMU prior to freezing at
77 K). Under these conditions the cells had higher
emission amplitudes at 684 nm and 694 nm and a
lower emission at 715 nm than the cells under state 2
condition (dark adapted prior to freezing at 77 K).
4. Discussion
It is well established that PBS are highly e⁄cient in
photosynthetic light energy harvesting [2]. Interposon
mutagenesis of cpcBA genes of Synechococcus sp.
strain PCC 7002 resulted in strain PR6008 lacking
the K and L subunits of phycocyanin and thus the
ability to form peripheral rods [14]. Although intact
PBS cores can be isolated from other cyanobacterial
strains [34], intact PBS cores have not been success-
fully isolated from mutant strain PR6008. However,
Fig. 6. Fluorescence emission spectra at 77 K of Synechococcus
sp. strain PCC 7002 wild-type and PR6008 cells with excitation
at 590 nm (A) or 440 nm (B). Spectra were recorded at the
same cell density which was 1.0 OD730nm ml31. State 1 condi-
tions were obtained by illumination of cells with blue light in
the presence of 10 WM DCMU for 2 min immediately prior to
freezing at 77 K. The state 2 conditions were obtained by dark
incubation of cells for 15 min immediately prior to freezing at
77 K. The excitation bandwidth was set at 6 nm, and the emis-
sion bandwidth was set at 1 nm. Each spectrum presented is
the average of four spectra taken from di¡erent surfaces of the
sample tube. 999, emission spectra of the wild-type cells
adapted to state 1; - - -, emission spectra of the wild-type cells
adapted to state 2; W W W, emission spectra of the PR6008 cells
adapted to state 1; ^ W ^, emission spectra of the PR6008 cells
adapted to state 2.
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the di¡erence spectrum presented in Fig. 1 shows
that intact PBS cores are assembled in vivo in the
PR6008 cells, and these PBS cores can e⁄ciently de-
liver absorbed light energy to PS II as shown in Fig.
4. This conclusion is also supported by the 77 K
£uorescence emission spectra of the PR6008 cells
(Fig. 6A) which show £uorescence emission from
PS II when the cells were excited by light absorbed
by PBS.
Long-term adaptation of the photosynthetic appa-
ratus in cyanobacteria has been characterized, and it
has been demonstrated that the stoichiometry of PS I
and PS II is adjusted to achieve the most e⁄cient
electron transport under varying illumination condi-
tions [11]. Since PS II typically receives most of the
light energy from PBS [8,27], the absence of phyco-
cyanin should result in signi¢cantly less light energy
for PS II due to the much reduced size of the ab-
sorption cross-section of the PBS. To compensate for
this loss of light harvesting, the PR6008 cells synthe-
size nearly twice the normal level of PS II to balance
the electron transport activities between PS I and PS
II (Table 1). The Chl content per cell for strain
PR6008 was about 10% higher than that of the
wild-type cells. While the PS I:Chl ratio was nearly
identical to that of the wild type, the ratio of PS
II:PS I ratio nearly doubled in the PR6008 cells.
The elevated PS II content of the PR6008 cells was
also evident in the 77 K £uorescence emission spectra
generated with excitation at 440 nm (Fig. 6). While
the £uorescence emission at 718 nm of the PR6008
cells was similar in magnitude to that of the wild-
type cells, the emission at 695 nm of the PR6008 cells
was much higher (Fig. 6B). The much higher PS II
content in the PR6008 cells is probably the reason
why the rate of oxygen evolution of these cells had
an almost linear relationship with light intensity
when illuminated with low intensity light primarily
absorbed by Chl (Fig. 3). A similar increase in the
number of PS II centers per cell when PS II is under-
illuminated has been reported for the red alga Por-
phyridium cruentum [35].
Table 1 also shows that the number of PBS cores
on a Chl basis remained essentially unchanged in the
PR6008 cells although the level of PS II reaction
centers nearly doubled. These results indicate that
nearly half of the PS II reaction centers in the
PR6008 cells had no associated PBS cores. This im-
plies that some PS II reaction centers in the PR6008
cells would receive little or no light energy from the
allophycocyanin of the PBS cores. Another implica-
tion of these results is that the synthesis and assem-
bly of PBS cores are not particularly well coupled to
the synthesis of PS II reaction centers. This seems to
be true at least when the PS II:PS I ratio is high.
Cyanobacteria can also perform state transitions
as a short-term adaptation to imbalanced light con-
ditions. The state transitions of the PR6008 cells
were studied by measuring both room temperature
£uorescence induction transients as well as by 77 K
£uorescence emission of cells adapted to either state
1 or state 2 conditions. The £uorescence induction
transients in the presence of DCMU (Fig. 5) showed
that, although the amplitude of the £uorescence in-
crease was lower than that for wild-type cells, the
state 2 to state 1 transitions of the PR6008 cells are
kinetically identical to those of the wild-type cells.
The ability of the PR6008 cells to perform state tran-
sitions was also demonstrated by 77 K £uorescence
emission spectroscopy of cells adapted to either state
1 or state 2 conditions (Fig. 6). After illumination
with light primarily absorbed by Chl or PBS, both
strains had higher emission peaks from PS II (684
nm and 695 nm) under state 1 conditions. Under
state 2 conditions, the emission peaks from PS II
were diminished in both strains.
Mullineaux et al. [36] recently employed £uores-
cence recovery after photobleaching (FRAP) to ex-
amine the mobility of photosynthetic complexes in
vivo in the cyanobacterium Dactylococcopsis salina.
They show that PBS are capable of rapid lateral
di¡usion along the thylakoid surfaces of this cyano-
bacterium but that PS II reaction centers were im-
mobile on the time scale employed in their experi-
ments. Thus, it was suggested that PBS was the
mobile element during state transitions. Based upon
the di¡usion coe⁄cient of PBS, they suggested that
the movement of PBS between PS I and PS II centers
could be completed in as little as 100 ms [36]. Since
state transitions in cyanobacteria are normally com-
pleted in approx. 10^30 s, it was suggested that the
rate of state transitions was not limited by PBS
movement [36]. Because no change in the kinetics
of the state 2 to state 1 transition was noted for
strain PR6008 (Fig. 5), it is likely that the movement
speed of PBS is not a limiting factor in state transi-
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tion in Synechococcus sp. PCC 7002, agreeing with
the suggestion by Mullineaux et al. [36]. This result is
also in agreement with the recently measured di¡u-
sion coe⁄cients of PBS, which show that PBS move-
ment is little in£uenced by the size of PBS (C.W.
Mullineaux, personal communication).
It has been demonstrated that some light energy
absorbed by PBS can be delivered to PS I in the
cyanobacterial cells under state 2 conditions
[8,13,33]. Mullineaux [8] estimated that 10^20% of
PS I reaction centers could be coupled to PBS in
state 2 conditions. Since the ration of PS I to PBS
is normally high in cyanobacteria (Table 1), it is
estimated that more than half of PBS could be asso-
ciated with PS I under state 2 condition. The results
in Fig. 6A also show that light energy absorbed by
PBS can be transferred to PS I. The 77 K emission
spectra of the PR6008 cells (Fig. 6A) showed that the
718 nm shoulders were lower under both state 1 and
state 2 conditions, indicating that less energy was
transferred to PS I as compared to the wild-type
cells. The lower £uorescence emission from PS I in
the PR6008 cells was probably due to the reduced
absorption cross-section of the PBS in this mutant.
This suggestion is consistent with the results from the
light intensity dependence of oxygen evolution (Fig.
2). The 3-fold increase of the apparent Km value for
630 nm light in the PR6008 cells compared to the
wild-type cells (Fig. 2) was most likely a result of
the 3-fold decrease in the absorption cross-section
of the PBS. This value corresponds quite nicely
with the 2^3-fold slower growth rates of mutants
unable to synthesize phycocyanin [37]. The fact the
PS I in cpcBA3 strain could receive one third of light
energy absorbed by PBS cores, which have only one
third of absorption cross-section as compared to that
of wild-type PBS, could indicate that the peripheral
rods are not required for state transitions.
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